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Abstract
By means of longitudinal ﬁeld muon-spin spectroscopy, we have found a clear critical slowing down caused
by spin ﬂuctuation of Ho moments in the icosahedral quasicrystal (QC), i-ZnMgHo, with freezing temperature
(T f=1.95 K), for which the susceptibility showed an anomaly at 5 K. The diﬀerence is attributed to crystalline elec-
tric ﬁeld (CEF) eﬀects. The muons experience a broad, ﬂuctuating, ﬁeld distribution, of width Δ ∼6.3 T around T f .
The eﬀect of the CEF is also apparent in zero ﬁeld and weak applied transverse ﬁeld measurements, with an onset
around 60 K. For the Cd-based QCs (CdMgHo and CdMgGd), which exhibited two freezing temperatures in the
susceptibility, the change in ﬂuctuation rate, i.e. freezing, occurs at the lower T f .
Keywords: Amorphous and quasicrystalline magnetic materials, Critical-point eﬀects, Muon-spin rotation and
relaxation
1. Introduction
Quasicrystals (QC) form a class apart in modern materials science, presenting a unique challenge for the crystal-
lographic description of their symmetry, as their quasi or aperiodic lattice has no translational symmetry and is not
topologically equivalent to classical Bravais lattices [1, 2]. Other physical properties, such as for example magnetic
order and transport properties need to be studied in that context. In particular we address the issue of the nature
and properties of magnetic ordering in QC alloys based on the rare earths (RE), because the ionic moments of the
f-electrons in the RE shells are well localized and thus amenable to theoretical approaches based on, for example,
Heisenberg/Ising models.
Stable and homgeneous icosahedral phases of ZnMgRE and CdMgRE, exhibit magnetism due to the localized
4 f -electrons [3, 4, 5, 6, 7]. and their eﬀective magnetic moments, from χ(T ) measurements, are reported to be almost
the same as for free RE3+ ions. Also, the χ(T ) measurements suggested the existence of spin-glass-like transitions in
i-ZnMgRE and i-CdMgRE, in the temperature range between 15-1.8 K, with the freezing temperature T f depending
on RE. Recent neutron scattering experiments on i-ZnMgHo found short-range magnetic order with T f=1.95 K,
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Figure 1: LF-μ+SR time spectra of i-Zn-Mg-Ho (a) above (2.6 K) and (b) below (1.5 K) T f=1.95 K. The solid lines in (a) represent the ﬁts using
Eq. (1).
which could be described as a magnetic modulation with six-dimensional hyper-cubic symmetry [8]. Although not
forbidden a priori, no long range order was detected.
Earlier μ+SR results by Noakes et al. on i-ZnMgTb and i-ZnMgGd [9], for which spin-glass-like freezing was
reported to occur at (T f=5.8 K) and (T f=5.5 K) respectively, were analyzed in terms of concentrated disordered mag-
netism, with the diﬀerences between the Tb and Gd results explained with reference to crystalline electric ﬁeld (CEF)
eﬀects. The ZF-μ+SR spectra in QCs have been usually ﬁtted by a power-exponential relaxation, AZF exp[−(λZFt)β],
such as expected for a concentrated disordered magnet inhomogeneous in the aperiodic lattice at temperatures above
Tg. It should be however noted that the power-exponential relaxation implies just a wide distribution of λZF and
provides no further information on magnetism of QCs.
We report, here, our ﬁrst μ+SR results on i-ZnMgHo, i-CdMgHo and i-CdMgGd, in zero ﬁeld (ZF), weak trans-
verse ﬁeld (wTF), and longitudinal ﬁelds (LF) of up to several Tesla. Using a dynamic Kubo-Toyabe function for
ﬁtting the ZF- and LF-spectra, the relaxation of the Ho-based QCs is found to be composed of two factors; one is
the distribution of an internal ﬁeld at muon sites and the other is a ﬂuctuation of the ﬁeld. The former is caused by
CEF eﬀects and almost T independent, while the latter shows a critical slowing down at T f . On the other hand, the
Gd-based QC exhibits a simple exponential relaxation, indicating an absence of the ﬁeld distribution as expected from
the spherical 4 f 7 orbital.
2. Experimental
Alloys of three QCs (Zn60Mg31Ho9, Cd55Mg35Gd10, and Cd55Mg35Ho10) were prepared at ISSP, University of
Tokyo by melting constituent elements in an Ar gas ﬂow, and then annealing at 673 K for 250 hours. The preparation
and characterization of these QCs were reported in greater detail elsewhere [7, 8]. The shapes of the sample for the
μ+SR experiment were either ∼20×10×1 mm3 thin plates or discs with ∼12 mm diameter and 1 mm thickness. The
μ+SR experiments were performed at TRIUMF on the surface muon beam lines M20 in the T range between 1.8 and
300 K, and M15 using a dilution refrigerator down to 20 mK.
3. Results and Discussions
Figure 1 shows LF-μ+SR time spectra at 1.5 K for the i-ZnMgHo plate. The full spectra were ﬁtted using a
combination of the following two signals: a dynamic Gaussian Kubo-Toyabe function GDGKT(t,Δ, ν,HLF) (to model
the signal from the muons in the sample experiencing a distribution of ﬂuctuating magnetic ﬁelds due to Ho moments),
and a time-independent background signal from the muons stopped outside the sample, mainly in the silver holder:
A0 PLF(t) = AKTGDGKT(t,Δ, ν,HLF) + ABG (1)





















































Figure 2: (a) Temperature dependence of the ﬁeld ﬂuctuation rate ν for i-ZnMgHo and (b) the relationship between ν or λ and the reduced
temperature Tred for the three QCs. In (a), solid circles represent the data from the LF measurements at 1.5, 2 and 2.6 K using Eq. (1), and open
(crossed) circles from the wTF- (ZF-) spectra with ﬁxed width Δ, as described in the text.
where A0 is the empirical maximum muon decay asymmetry, AKT and ABG are the asymmetries associated with the
two signals, Δ is the static width of the local frequencies at the muon sites in the aperiodic lattice and ν is the ﬁeld
ﬂuctuation rate.
Although the ZF-μ+SR spectrum for i-ZnMgHo and i-CdMgHo could be ﬁtted by a power-exponential relaxation
AZF exp[−(λZFt)β], as in the previous μ+SR syudies on i-TbMgZn, the decoupling behavior in the LF-μ+SR spectrum
(see Fig. 1) is not qualitatively explained by a power-exponential relaxation. We, therefore, use GDGKT(t,Δ, ν,HLF),
which means μ+ experiences the ﬁeld of a distribution width Δ with a ﬂuctuating rate ν. Assuming that μ+ is not
mobile at low T , ν is caused by a time-dependent ﬁeld ﬂuctuation, whereas Δ the local-distribution of magnitude and
direction of RE moments. The usage of GDGKT(t,Δ, ν,HLF) also implies that μ+s themselves are tacitly assumed to
stop at certain sites in the quasi lattice. This is thought to be reasonable because of a highly ordered atomic structure
in QCs.
Both Δ and ν were obtained by ﬁtting the LF-spectra at 1.5, 2, and 2.6 K, using Eq. (1). The amplitude of the
background signal (ABG) was determined from wTF-data in a 100 Oe applied ﬁeld. As seen in the inset of Fig. 2, Δ
is almost T independent above and below T f , and its magnitude is comparable to the dipolar ﬁeld produced by the
RE ions at a distance of 1.1 Å. This is consistent with the fact that Δ is induced by the Ho single-ion anisotropy and
level splitting caused by crystalline electric ﬁeld (CEF), as proposed for i-Zn-Mg-Tb. For HoRh4B4, actually, the
4 f -electron Hund’s-rule ground state multiplet of Ho3+ ions is split by a CEF leading to a doublet ground state and
two singlet states at energies 40 and 60 K above the ground state, respectively. As a result, magnetic properties are
aﬀected at much higher T than its Curie temperature (TC=6.7 K) [12].
The wTF and ZF data were also analyzed with the dynamical Gaussian Kubo-Toyabe model ﬁxing the width at Δ
= (848×10−6 s−1 ∼6.3 T) , average of the three LF-measurements. Here, since the wTF is negligibly small compared
with the internal magnetic ﬁeld, the wTF spectrum is essentially the same to the ZF spectrum below T f , besides the
wTF oscillation due to the background. The obtained T dependence of ν below 20 K is shown in Fig. 2 for i-ZnMgHo.
A clear critical slowing down is observed, from the three diﬀerent measurements; i.e. the LF-, wTF-, and ZF-data. As
T decreases from 20 K, the ν(T ) curve exhibits a divergence towards T f = 1.95 K, in spite of large error bars for the
data in the vicinity of T f . Below T f , ν(T ) decreases very rapidly down to almost 0 with further lowering T , indicating
the freezing of the ionic moments. It should be noted that the data from the three diﬀerent kinds of spectra provide a
reproducible ν(T ) curve.
The Cd-based QCs appear diﬀerent from the Zn-based in that they exhibit two anomalies in the susceptibility.
Since there are no major changes in the structural parameters between i-ZnMgHo and i-CdMgHo, the same value
of Δ from i-ZnMgHo was used for ﬁtting the μ+SR spectra of i-CdMgHo. The ν(T ) curves obtained from the three
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experiments again give consistent results for ν(T ) below 20 K. According to the ac-χ (χac) measurements [7], i-
CdMgHo exhibits two transitions at T f ,1=12.5 K and T f ,2=5.0 K. Since the change in χac at T f ,1 was larger than that
at T f ,2, it was proposed that the ﬁrst transition corresponds to the transition observed in i-Zn-Mg-RE. The ν(T ) curve
exhibits however only a maximum at T f ,2 but no clear changes around T f ,1. It should also be noted that the increase
in ν at T f2 is less dramatic than for i-Zn-Mg-Ho.
For i-CdMgGd, the ZF-spectra can also be well ﬁtted by a simple exponential relaxation function in the whole T
range measured, as for i-ZnMgGd in the previous work [9]. This is consistent with the fact that the electron distribution
of Gd f 7 is spherical, i.e. there is no CEF splitting, and the muons experience rapidly ﬂuctuating ﬁelds due to the Gd
magnetic moments, leading to a simple exponential relaxation. Actually, if ν/Δ  1, GDGKT is known to be roughly
equivalent to a simple exponential relaxation. The λ(T ) curve also shows a sharp peak at T f ,2, clearly indicating
the critical slowing down accompanying the transition at T f ,2. No anomalies were found around T f ,1, similarly to
i-CdMgHo.
Figure 2(b) shows the relationship between ν or λ and reduced temperature (Tred) for the three QCs. The slope for
i-CdMgGd is roughly estimated as -1 in the whole T range measured, suggesting a Curie-Weiss behavior, although
there are, to authors’ knowledge, no theoretical work on QC to predict a critical exponent above T f . For i-ZnMgHo
and i-CdMgHo, the slope is almost parallel to that of i-CdMgGd well above T f (Tred ≥1), while ν seems to obey the
line with the slope of 1/2 at Tred ≤1 (i.e., in the vicinity of Tf ). This could suggest the contribution of spin ﬂuctuation
on ν, as predicted by a self-consistent renormalization (SCR) theory for the T dependence of the spin-lattice relaxation
rate for the antiferromagnets with localized moments [13]. This is likely to be reasonable that a large distribution.
We wish to emphasize that the current results conﬁrm the importance of CEF eﬀects in quasicrystals, despite the
fact that the magnitude of the splittings, symmetry, and ﬂuctuation eﬀects vary with location in the quasilattice. To
the authors’ knowledge, there are neither theoretical nor structural works on the symmetries and/or magnitudes of
CEF in the quasilattice. Furthermore, since the RE elements are thought to share the icosahedral symmetry from the
macroscopic viewpoint, the CEF splitting in the i-QCs was thought to be very small and eventually disappears in a
macroscopic scale. Actually, the χ−1(T ) curve looks almost linear in the whole T range measured. Our results can
still be qualitatively interpreted as showing that CEF’s are important from over 60 K down to below 2K, via changing
magnetic moments and ﬂuctuation rates of the ﬁeld distribution as the T is lowered, from well above magnetic tran-
sition temperatures, and thus care must be taken when interpreting results over that T range. By the same token, the
ν(T ) maximum at the transition is less well deﬁned, broader, for Ho than for the Gd case.
Our LF-μ+SR experiment, therefore, conﬁrms the presence of the eﬀects of the CEF splitting on the internal
magnetic ﬁeld in QCs, although the ground state of QCs has been thought as a concentrated disordered magnet.
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